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Abstract
In ophtalmic ultrasonography, axial B-scans are seriously deteriorated owing to the presence of the crystalline lens. This strongly
aberrating medium aﬀects both spatial and contrast resolution and causes important distortions. To deal with this issue, an adapted
beamforming (BF) has been developed and experimented with a 20 MHz linear array working with a custom US research scanner.
The adapted BF computes focusing delays that compensate for crystalline phase aberration, including refraction eﬀects. This BF
was tested in vitro by imaging a wire phantom through an eye phantom consisting of a synthetic gelatin lens, shaped according to
the unaccommodated state of an adult human crystalline lens, anatomically set up in an appropriate liquid (turpentine) to approach
the in vivo velocity ratio. Both image quality and ﬁdelity from the adapted BF were assessed and compared with conventional
delay-and-sum BF over the aberrating medium. Results showed 2-fold improvement of the lateral resolution, greater sensitivity
and 90% reduction of the spatial error (from 758 μm to 76 μm) with adapted BF compared to conventional BF. Finally, promising
ﬁrst ex vivo axial B-scans of a human eye are presented.
c© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
In ophthalmic ultrasonography, axial B-scans are useful to depict essential intraocular structures (e.g. the crystalline
lens, the macula, the papilla, the optic nerve) and to perform biometric measurement (e.g. axial length) in view of
intraocular lens implantation.
However, axial B-scans have to face a signiﬁcant obstacle: the crystalline lens which is known to be the major
source of phase aberration in the eye as US propagate about 10% faster than in the surrounding intraocular medium
[Buschmann et al. (1971)]. It acts as a divergent lens causing broadening, decrease in intensity and refraction (in
the vicinity of the lens edges) of axial acoustical beams [Lizzi et al. (1970)]. Consequently, it impairs signiﬁcantly
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both spatial and contrast resolution on axial B-scans and causes important distortions, especially on the ocular fundus
where according to Sokollu’s results [Sokollu (1968)], retina appears to be protuded both axialy (by about 0.5 mm)
and lateraly (by about 1.5 mm). Thus, ophthalmologists recommend by passing the lens when possible.
To deal with this issue, an adapted BF has been developed and implemented on a custom US research scanner
called the ECODERM and working with a 20 MHz linear array. The adapted BF lies on a ray tracing approach to
compute focusing delays that take into account crystalline lens aberrations including refraction at the interface. A
detailed description of the adapted BF can be found in press [Mateo et al. (2014)]. Interest of this adapted BF is
investigated in relation with conventional delay-and-sum (DAS) BF throughout in vitro experiment conducted on an
eye phantom mimicking the in vivo velocity ratio between the crystalline lens and the surrounding aqueous humor
and vitreous. Finally, ﬁrst axial B-scans obtained ex vivo on a human eye are presented.
2. Materials and Methods
2.1. In vitro protocol
(a) Diagram of experimental set-up (b) Experimental set-up
Fig. 1. Experimental setup for HF US imaging of the wire phantom through the synthetic lens.
In vitro experiment consists in imaging a wire phantom with a linear array at 20 MHz, ﬁrst in pure turpentine to es-
tablish the reference B-scan and then through a synthetic gelatin lens centered beyond the probe in an anatomical way
(see experimental setup on Fig. 1). Raws RFs data obtained after linear scan in the presence of the aberrating media
are then processed oﬀ-line (Matlab c©) according to DAS BF and adapted BF to obtain respectively a conventionnal
B-scan and an adapted B-scan. Dynamic receive focusing was applied at each depth sampled ( fs = 100 MHz).
The two materials forming the eye phantom i.e. 15% gelatin and turpentine which represent respectively the
crystaline lens and the surrounding humors, oﬀer low attenuation at 20 MHz and a velocity ratio that emphasizes the
in vivo phase aberration induced by the crystalline lens.
The wire phantom is made of three wire (∅ = 37.5μm) rows spaced diagonnaly by 1 mm and horizontaly by 1.5
mm that cover regions of interest for ocular imaging.
Lateral resolution at -6 dB (Δl−6dB) was quantiﬁed on every B-scan by measuring the FWHM of the point spread
function (PSF) of 23 point targets (PT) from the wire phantom (numbered on Fig. 2(a)). Spatial ﬁdelity of the B-
scans over the aberrating media was evaluated by measuring the spatial error (Errtotal) of each PSF in relation to the
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reference B-scan. Estimation of the sensitivity is provided by measuring the relative amplitude GBF/Re f between PSFs
from B-scan through the synthetic lens with those from reference B-scan which is calculated as follows:
GBF/Re f [n] = 20log10
(
max(PS FBF[n])
max(PS FRe f [n])
)
(1)
where BF refers either to DAS BF or to adapted BF, and n is the integer matching an analyzed PSF.
2.2. Ex vivo protocol
Eyes were obtained from fresh human cadavers in accordance with ethic french laws. They were set up in an
hemi-spheric support and imaged with both conventional DAS BF and adapted BF using the 128 element probe and
gel as coupling agent.
3. Results
3.1. In vitro results
(a) Reference (b) Conventional BF (c) Adapted BF
Fig. 2. In vitro B-scans of the wire phantom in pure turpentine (a) and through the synthetic lens with conventional BF (b) and adapted BF (c). Red
and white dotted lines on (b) encompass reduplication and mirages artifacts, respectively. Detected lens contour is superimposed on (b) and (c).
PSF centers from matching PT in the conventional (black cross) and adapted (magenta cross) images has been superimposed on the reference. DR
= 40 dB
Both conventional and adapted images exhibit on Fig. 2 classical reduplication artifacts stemming from the thin
membrane or from the synthetic lens. On the conventional image, two extra PTs are visible beyond the synthetic
lens edges on the ﬁrst wire plate (number from 1 to 7). It corresponds to another kind of artifact so called ”multipath
images artifacts” in literature (depicted by white dotted line) which results from oﬀ-axis response caused by signiﬁcant
refraction. This kind of artifact is no longer visible on the adapted image.
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Fig. 2 exhibit obvious beneﬁts in terms of spatial ﬁdelity, dynamic and spatial resolution brought by adapted BF
compare to conventional BF as one can appreciate quantitatively on Figs. 3, 4 and 5, respectively.
Fig. 3. Spatial error compared to the Reference measured for each PSF on conventional (x-.) and adapted (+–) B-scans.
Fig. 4. Lateral FWHM measured for each PSF on Reference (o-), conventional (x-.) and adapted (+–) B-scans.
Fig. 5. Sensitivity (GBF/Re f Eq. 1) measured for each PSF on conventional (x-.) and adapted (+–) B-scans.
From quantitative analysis, spatial distortions appear to be reduced in average by 90% with adapted compared to
conventional (see Table 1). Moreover, the synthetic lens contour match closely the detected contour on adapted B-scan
which was in fair agreement with the axial cross-section of the mold.
A two-fold improvement in lateral resolution (120%) is also provided by adapted BF. Thus, adapted BF greatly
restores the spatial resolution, with a Δ̂l−6dB being only 39% larger than the Reference. Finally, GBF/Re f follows a
general decrease in magnitude with depth for both conventional and adapted BFs, but far more drastically on conven-
tional BF (twice). Thus, at retina depth the signal level becomes half those of the Reference on adapted B-scan and the
quarter those of the Reference on conventional B-scan. As gelatin is few attenuating, this general decrease, intensiﬁed
beyond the synthetic lens edge, is attributed to diverging lens eﬀect causing signiﬁcant refraction of the emitted beam
that bring oﬀ-axis signal.
3.2. Ex vivo results
Conventional B-scan show a protuded retina with a compression inward similar to the observations made by
Sokollu [Sokollu (1968)]. This severe distortion is almost corrected on adapted B-scans. Furthermore, adapted BF
provides a much better view of the ocular fundus (ﬁner speckle, greater resolution) that has for major contribution to
make possible distinguishing the interfaces of its diﬀerent layers e.g. retina, choroid, sclera.
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Table 1. Mean values from the suﬃciently resolvable PSFs analyzed in each reconstruction.
B-scan analysed Δ̂l−6dB Êrrtotal ĜBF/Re f
[μm] ± S D [μm] ± S D [dB] ± S D
Reference 251 ± 50 0 0
Conventional 776 ± 322 758 ± 129 −12.6 ± 4.6
adapted 352 ± 139 76 ± 71 −6 ± 4.7
Fig. 6. B-mode images of ex vivo entire human eye with conventional BF (a) and adapted BF (b). Magniﬁed view of the ocular fundus from each
B-scan are shown in (c). DR=40 dB
4. Conclusion
The crystalline lens detrimental eﬀects on conventional axial B-scans with linear arrays has been demonstrated, as
well as the eﬃciency of adapted BF in signiﬁcantly reducing them. By acting directly in the BF stage, the proposed
BF not only reduces the spatial distortions but also restores resolution and contrast. Such enhancements may provide
improved visualization of the crystalline lens and the ocular fundus on transcorneal B-scans as conﬁrmed by ﬁrst ex
vivo results where, in contrast to conventional imaging, the layered structure of the fundus becomes distinguishable.
Finaly, spatial ﬁdelity delivered by adapted BF might be useful for B-mode biometry of the eye, especially for
phakometry, currently performed by optical techniques (Purkinje, Scheimplﬂug) that are known to provide distorted
view of the posterior segment.
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